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Introduction 1
Low back pain secondary to lower lumbar spine degenerative disc disease causes a 2 significant disease burden to the patient and a substantial economic burden to wider 3 society, estimated to be as high as $100 billion per year in the US 1 . Failure of 4 conservative interventions in alleviating symptoms almost inevitably leads to some form 5 of surgical approach. The gold standard of the spectrum of possible invasive procedures 6 is anterior inter-body spinal fusion, where the disc is excised and replaced with a 7 construct comprising an implant and bone graft. However a potential iatrogenic 8 complication associated with spinal fusion is accelerated adjacent disc disease 2, 3 , which is 9 believed to arise because global spinal motions are delivered through motion of fewer 10 discs [4] [5] [6] . Total disc replacements (TDR) have subsequently developed in which the disc is 11 replaced by an artificial bearing which retains the potential for some form of inter-12 vertebral motion [7] [8] [9] . 13 14 Mimicking total hip and knee arthroplasty, the most widely used TDRs have been those 15 based upon metal-on-polyethylene articulating models such as the Charité 7 , or metal-on-16 metal designs 10 , with a predominance of the former. These devices have demonstrated 17 some success in terms of both increased return-to-work and reduced patient disability 18 when compared to spinal fusion surgery 11 . However, as with other articulating, artificial 19 bearing systems, the longer term concerns are focused on the possibility of wear related 20 failure, principally mediated through inappropriate immune response to the debris 21 released into the joint space 12 . Indeed, case reports and retrieval programmes have 22 highlighted evidence for osteolytic failure in lumbar TDRs as the implant periods move 23 to those timescales associated with this type of performance degradation in other joints, 1 that of 10-15 years [13] [14] [15] . 2 3 An important aspect of both the pre-clinical testing of these devices and understanding 4 the underpinning tribological conditions that effect implant performance has been the use 5 of mechanical multi-axial joint simulators 16, 17 , and more recently, computational models 6 based on the Archard wear equation to predict long-term wear 18, 19 . Wear studies to date 7 have been limited in number with input parameters for load and motion being those 8 specified by either the ISO standard for conducting wear tests of lumbar TDRs 20 or 9 ASTM guidance document 21 or variations thereof 16, 22, 23 . However, the representative 10 nature of these input conditions has not been verified, nor is there sufficient information 11 on the variance in these parameters to allow a comprehensive modelling approach with 12 which to deliver population based distributions of predicted wear performance. Studies 13 have demonstrated that changes in wear rate depend on the device design and may only 14 be discerned with kinematic input parameters going beyond that suggested in the 15 standard 16, 22 . Hence it is important to have comprehensive understanding of the motion of 16 the TDR, which is one of the key factors that affects implant wear. 17
18
The primary purpose of this study was to investigate the in-vivo motion of the Charité 19 (recently renamed In Motion) lumbar TDR in a patient cohort using video fluoroscopy. Twenty four adults participated in the study. The inclusion criteria were at least six weeks 7 and up to 5 years since implantation of a single lumbar level TDR (Charité or In Motion) 8 at L4-L5 or L5-S1. Potential participants were excluded if they reported neurological, 9 cognitive, proprioceptive or musculoskeletal disorders that would affect their ability to 10 walk normally on a treadmill for 5 minutes, or reported pain at time of testing (Visual 11 Analog Score > 3). The study was approved by the Institutional Human Research Ethics 12
Committee and all ethics guidelines, including obtaining written informed consent, were 13 followed. Participant characteristics are reported in Table 1 . 14 15 <Insert Table 1 No significant differences in relative endplate angles or static and dynamic ROM were 5 detected by operative level or sex ( Table 2 ). The Dynamic ROM in the frontal plane 6 during gait for all participants was 1.6±1.1 degrees, which was significantly different 7 from zero (t = 6.97, p < 0.001) and corresponded to 19% of the Static ROM in the frontal 8 plane (8.3±4.2 degrees). The corresponding Dynamic ROM in the sagittal plane during 9 gait for all participants was 2.4±1.2 degrees, which was significantly different from zero 10 (t = 6.72, p < 0.001) and corresponded to 19% of the Static ROM in the sagittal plane 11 (12.5±5.6 degrees). Dynamic ROM in the frontal plane was significantly correlated with 12 static ROM in the frontal plane (Table 3) . The mean dynamic ROM of the TDR during walking was 1.6±1.1 degrees in the frontal 22 plane and 2.4±1.2 degrees in the sagittal plane, which in both instances corresponded to 23 19% of the static ROM in each plane. Previous studies in lumbar TDR have demonstrated 1 that motion is preserved at the operative level during performance of static lumbar ROM 2 relative to lumbar fusion 24, 25 . The finding that our estimates of lumbar ROM were 3 significantly different from zero during gait indicates that lumbar TDRs afford a degree 4 of spinal motion during locomotion that would not be expected following successful 5 intervertebral fusion.While no other studies to our knowledge have examined spinal 6 kinematics during walking in TDR, the ranges of motion reported here are at the lower 7 end of values reported elsewhere for healthy young participants. For example, 8
Rozumalski et al. 31 reported a frontal ROM of 3.68±1.81 degrees and a sagittal ROM of 9 4.38±2.31 degrees for L4/L5 using motion capture of markers fixed to the lumbar 10 vertebra using bone pins. Similarly, Callaghan et al. 30 reported a frontal plane lumbar 11 ROM of 1.12-7.13 degrees and a sagittal plane lumbar ROM of 2.72-10.25 degrees using 12 a skin mounted motion capture-based approach. The reason for the lower dynamic ROM 13 in the present study compared to studies in healthy participants is likely due to some 14 combination of greater age, slower walking speed and altered neuromotor coordination 15 for our TDR participants. 16
17
The lack of significant differences in dynamic ROM by sex and operative level, together 18 with the lack of correlation between dynamic ROM and factors such as age, height and 19 time since implantation suggest that other factors, such as the individuals own 20 neuromotor strategy, are more influential in explaining variability in dynamic ROM 21 during gait. Further, the lack of association with cadence and gait speed is probably 22 explained by the relatively narrow range of cadences and gait speeds evaluated in our 23 study. In contrast, the significant correlation bewtween dynamic and static ROM in the 1 frontal plane (r = 0.47), suggests that static ROM may be a factor that has an effect on 2 dynamic lumbar function in individuals following TDR. 3 4 One of the aims of this paper was also to evaluate the correspondence between measured 5 lumbar TDR ROM during walking and the lumbar kinematics recommended in the ISO 6 standard for conducting wear tests of lumbar TDRs 20 . The prescribed kinematics from the 7 ISO standard, which were informed by the study of Callaghan et al. 30 , are periodic 8 (sinusoidal) waveforms with minimum and maximum values of -2 and 2 degrees for the 9 lateral bending, and 6 and 3 degrees for flexion and extension respectively. Our mean 10 frontal and sagittal plane ROM estimates of 1.6 and 2.4 degrees were therefore 11 approximately 40% of the corresponding peak to peak flexion angles from the ISO 12 standard. According to the Archard equation a reduction in ROM would be expected to 13 decrease the wear in terms of purely sliding considerations alone. However, as in all 14 complex tribological systems, other factors may come into play such as an increase in the 15 cross-shear subjected to the UHMWPE surface that may tend to increase the wear or the 16 reduced stroke length making lubricant entrainment an issue. A further difference 17 between our measurements and the ISO standard was in relation to the mean sagittal 18 plane angle throughout the gait cycle, which we estimated to be 17.1±6.6 degrees, 19 compared to 1.5 degrees in the ISO standard. This finding may have implications for 20 wear because a larger mean angle in the sagittal plane during gait would be expected to 21 alter the load distribution across the TDR compared to the current configuration used in 22 wear tests where the endplates are near parallel. This result may also contribute to the 23 edge loading and rim damage observed in explanted components 34, 37, 38 . Such conditions 1 could be further investigated using mechanical or computational wear simulations. 2 3
The main limitations of the present study were that analyses were restricted to two rather 4 than three dimensions and at a single walking speed, that transverse plane motions were 5 not assessed, and that the 8 Hz sampling frequency, which was the peak sampling 6 frequency of the fluoroscope, precluded detailed assessment of the patterning and timing 7 of TDR motions within consecutive gait cycles. Further, we did not report core motion 8 relative to the endplates in our study because they were small in magnitude and thus 9 difficult to quantify (i.e. low signal to noise ratio). We also did not observe any 10 separation of the core from the upper or lower endplates during walking and therefore 11 believe that the principal TDR motion during walking was angular motion between the 12 respective endplates and the core. Finally, all participants in our study were recruited via 13 a single spine surgeon, which may have introduced a sampling bias. Irrespective, the 14 distribution of lumbar TDR motions during walking presented here will inform relevant 15 standards for conducting wear tests of lumbar TDRs, enable more realistic mechanical 16 and computer based wear simulations to be performed, and thereby inform the design of 17 future TDRs through identification of potential adverse wear scenarios. 
